We examined by immunohistochemistry the ex pression of ionotropic glutamate receptor subunits (GluRs) in glial cells of the rat dorsal hippocampus 3 to 28 days after transient forebrain ischemia, In general, the expression of GluRs at all time points studied underwent a drastic reduc tion that was primarily restricted to the CAl region, In addition to the disappearance of GluRs as a result of neu ronal cell death, we observed their expression in reactive glial cells, T�e time course of expression and the subunits involved were different for astrocytes and microglia, Reac tive astrocytes exhibited kainate, GluR5-7, and N-methyl o-aspartate (NMDA), NR2A/B, receptor subunits, both of which were maximally expressed approximately 4 weeks
. Cell death is accompanied by morphologically well-defined reactive astrocytosis (Petito et ai., 1990 ) and a microglial reaction (Mori oka et ai., 1991) . Two days after ischemia, astrocytes in the region of necrosis enlarge and increase their Received April 2. 1996; final revision received September 16, 1996; accepted September 16, 1996. Address correspondence and reprint requests to Dr. Carlos Matute, Departamento de Neurociencias, Universidad del Pais Vasco, 48940-Leioa, Spain.
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Abbreviations used: AMPA-ll'-amino-3-hydroxy-5-methyl-4isoxazole; GFAP, glial fibrillary acidic protein; GluRs, glutamate receptor subunits; HRP, horseradish peroxidase; Ig, immunoglob ulin; NMDA, N-methyl-D-aspartate; PBS, phosphate-buffered saline. 290 after ischemia. In contrast, reactive microglia expressed GluR4 and NRI subunits, ll'-amino-3-hydroxy-5-methyl-4isoxazole propionic acid (AMPA), and NMDA receptor subtypes, respectively, with maximal expression observed between 3 and 7 days after ischemia. These results demon strate that specific types of GluRs are expressed in reactive glial cells after ischemia and that, overall, their expression levels peak around or after the periods of maximal astrogli osis and microgliosis. Thus, modulation of GluR expression may be one of the molecular components accompanying the gliotic process. Key Words: AMPA-Kainate NMD A -Astrocytes-Microglia-Gliosis. expression of glial fibrillary acidic protein (GFAP), a response that persists for longer than a month (Pet ito et ai., 1990) . The microglial reaction also involves important morphological changes. It can be detected as early as 20 min after ischemia and is maximal 4 to 6 days after ischemia (Morioka et ai., 1991) . In addition, after an ischemic insult, astrocytes and mi croglia upregulate many proteins (for reviews, see Eddleston and Mucke, 1993; Kreutzberg, 1996) .
Ischemia-induced neuronal damage involves a dis turbance in calcium homeostasis, an excessive release of glutamate, and an increase in oxygen free-radical formation (Choi and Rothman, 1990; Meldrum and Garthwaite, 1990; Schurr and Rigor, 1992; Lipton and Rosenberg, 1994) . Glutamate is the most widely distributed excitatory neurotransmitter in the brain and also has been implicated in degenerative pro cesses associated with neurological diseases. Signal transmission at glutamatergic synapses is mediated by ionotropic and metabotropic receptors that have now been molecularly characterized (Hollmann and Heinemann, 1994 and Heinemann, 1994) . In contrast, NMDA receptors are highly permeable to Ca2+ and exhibit voltage dependence (Collingridge and Watkins, 1994) .
Glutamate receptors also have been found in glial cells in vitro, in brain slices from immature animals, and in the adult brain (for recent reviews, see Blan kenfeld et ai., 1995; Gallo and Russell, 1995; Stein hauser and Gallo, 1996) . Activation of these recep tors on glial cells produces a large variety of responses, including membrane depolarization (Bevan, 1990 ) and release of neurotransmitters (Mar tin, 1992) and growth factors (Eddleston and Mucke, 1993 ), suggesting that they may have an active role in brain signaling and repair. Glial cells of the CNS express ionotropic GluRs of the AMP A/kainate and NMDA types (for recent reviews, see Blankenfeld et ai., 1995; Gallo and Russell, 1995; Steinhauser and Gallo, 1996) ' however, the pattern of expression of receptor subtypes shows regional variations and does not always correlate with observations obtained in culture. In the immature/juvenile hippocampus, the responses of glial cells to glutamate application are mediated by AMP A/kainate receptors (Jabs et ai., 1994; Steinhauser et ai. , 1994; Porter and McCarthy, 1995; Seifert and Steinhauser, 1995) and also by NMDA and metabotropic receptors (Porter and McCarthy, 1995) . AMPA/kainate receptors with some Ca2+ permeability are present in a subpopu lation of undifferentiated glial cells, presumably GF AP-negative immature astrocytes, of the mouse hippocampal slice (Jabs et ai., 1994; Steinhauser et ai., 1994; Seifert and Steinhauser, 1995) and in most astrocytes in the stratum radiatum of the rat hippo campal slice (Porter and McCarthy, 1995) . In addi tion, about half of the astrocytes in the latter prep aration respond to perfusion of NMDA and the pharmacology of the responses (Porter and McCar thy, 1995) resembles that observed in neurons (Col lingridge and Watkins, 1994) .
These findings raise the possibility that changes in the extracellular glutamate concentration occurring during ischemia (Benveniste et ai., 1984 (Benveniste et ai., , 1989 and the subsequent neuronal cell death occurring in this pathological condition may have a profound effect on the expression of glutamate receptor subunits (GluRs) in glial cells in the resulting damaged area.
In the present study, we analyzed the expression of ionotropic GluRs in the CAl region after transient forebrain ischemia. Several receptor subunits are ex pressed in glial cells in the damaged area, and their expression peaks around or after the periods of maxi mal astrogliosis or microgliosis.
MATERIALS AND METHODS

Surgery
Thirty male Wistar rats (250-300 g body weight) were used. Transient forebrain ischemia was induced by the four vessel occlusion method (Pulsinelli and Brierley, 1979) .
The rats were anesthetized with pentobarbital (25 mg/kg, i.p. injection), and the vertebral arteries were electrocauter ized in the alar foramina of the first cervical vertebra. Im mediately after this procedure, an incision was made to isolate the common carotid arteries, and polyethylene cuffs were placed loosely around each artery without interrupt ing the blood flow. The incision then was closed with surgi cal clips, and the animals were allowed to recover from the anesthesia overnight. The next day, the rats were lightly reanesthetized with ether, and the surgical clip was re moved. When the level of anesthesia was such that the animals did not show spontaneous movement but reacted to pain stimuli, the common carotid arteries were clamped for 30 min. Rats that did not fully loose their righting reflexes or developed seizures following carotid artery oc clusion were excluded from the study.
Tissue preparation, immunohistochemistry, and lectin staining
The rats were deeply anesthetized with chloral hydrate and perfused transcardially with fixative at 3, 7, 28, or 90 days after ischemia (n = 5-9 in each group). Tissue was also obtained from control nonoperated rats (n = 4). Fixation solution consisted of 4% para formaldehyde and 0.1 % glu taraldehyde in 0.1 M sodium phosphate buffer, pH 7.4.
After fixation, the brains were postfixed overnight at 4°C in 4% paraformaldehyde in the same buffer. The brains were then sectioned at 30 fLm on a vibratome and collected in 10 mM sodium phosphate-buffered saline (PBS, pH 7.4). A preliminary evaluation of tissue damage was carried out by counterstaining with toluidine blue several sections from each brain.
We used the following rabbit antibodies to GluRI (1.5 fLg/ml), GluR2/3 (1 fLg/ml), GluR4 (1 fLg/ml), NR1 (1 fLgl ml), and NR2 AlB (4 fLg/ml), all from Chemicon (Te mecula, CA, U.S.A.). In addition, we used mouse mono clonal antibodies to the GluRs GluR5/6/7 (0.5 fLg/ml; Phar Mingen) and to GFAP (0.5 fLg/ml; Boehringer Manheim, Germany). As a negative control, several sections in all experiments were incubated with normal non immune rab bit immunoglobulin Gs (IgGs) (4 fLg/ml) or mouse IgGs (0.5 fLg/ml).
All incubations were carried out with free-floating sec tions in 24-well culture dishes with gentle shaking. Sections were first treated with 0.1 % H202 in PBS at room tempera ture for 25 min to quench endogenous peroxidase activity and washed three times for 10 min in PBS. Then the sections were pre incubated for 1 h in -a solution containing 0.5% normal serum of the species in which the secondary anti body was raised, and 0.1 % Triton X-IOO (the latter omitted in the case of antibodies to NRI and NRA2/B. Later, the sections were exposed overnight at 4°C to the correspond ing primary antibody diluted in the preincubation solution.
Antibodies were detected using biotinylated secondary an tibodies and the Vectastain ABC-Elite kit (Vector) with 3' ,3-diaminobenzidine tetrahydrochloride as a peroxidase substrate. Finally, the sections were mounted onto gelati nized slides, air-dried, dehydrated, and coverslipped.
Lectin staining was carried out by a procedure based on a previously described method (Streit, 1990) . Vibratome Our results show that in control hippocampus, the distribution of the various subunits studied (Figures 2-6, two top photographs) coincided with that re ported earlier for receptors to AMP A (Petralia and Wenthold, 1992) , kainate (Wisden and Seeburg, 1993) , and NMDA (Petralia et al., 1994a,b) . There fore, the results of the present study in control hippo campus will be described briefly and used as a refer ence for comparison with those observed after transient ischemia.
Antibodies to the GluR1 subunit gave rise to in tense immunolabel throughout the neuropil and in pyramidal and non pyramidal neurons in control tis sue ( Fig. 2A and B) . In contrast, we observed that after ischemia labeling with this antibody was dramat ically reduced in the CAl region, probably as a result of neuronal cell loss caused by the insult, but not in CA3 (Fig. 2C ). This reactivity reduction was already maximal at 3 days and largely maintained at 7 and 28 days after ischemia. The most heavily stained ele ments at all time points examined had the appearance of non pyramidal neurons and were located in the stratum oriens, pyramidal, and radiatum (Fig. 2D) .
Interestingly, at 28 days postlesion, but not earlier, we also found lightly reactive cells with a flattened and polygonal morphology (see Fig. 2D ) that proba bly corresponded to hypertrophic astrocytes (see Band D illustrate CA1 layers. Notice that after ischemia immunoreactivity was diminished primarily in the CA1 and restricted to strongly labeled nonpyramidal neurons (arrows) and weakly labeled hypertrophic astrocytes (arrowheads). Bars = 400 tLm in A and C; 100 tLm in Ba nd D. 0, oriens; p, pyramidale; r, radiatum.
FIG. 3. Distribution of the glutamate receptor subunit 4 (GluR4) in control hippocampus (A, 8) and at 3 (C), 7 (0), and 28 days postischemia (E). B-E show part of the CA 1 region. In CA 1, both the number and staining intensity of GluR4-positive microglia increased from 3 to 7 days postischemia (C, D). Immunolabeled processes, including those that are radially oriented, were particularly apparent in the stratum radiatum 7 days postischemia (D). Later, the amount of immunolabel appears to increase in the pyramidal layer and declines in the stratum radiatum, along with the decline in the number of labeled microglia. Bars = 400 tLm in A and 100 tLm in B-E. FIG. 6. NR2A1 B NMDA receptor subunits in the hippocampus (A) and CA 1 (8) of control animals, and in the CA 1 at 3 (e), 7 (0), and 28 days postischemia (E). Note that in the lesioned hippocampus, astrocytes were positive for NR2A1 B and that immunoreactivity was maximal 28 days postischemia (E). Bars = 400 fLm in A and 100 fLm in 8-E.
bodies to the GluR2/3 subunits was similar to that observed with antibodies to the GluR1 subunit (not shown).
Expression of the GluR4 subunit in the control
CAl region was much lower (Figs. 3A, B, and 8D) than that of the G1uR1 and GluR2/3 subunits and appeared to be restricted to neuronal elements. Isch emic damage, however, caused the disappearance of most neuronal staining at all postischemia stages ex amined, whereas microglial processes were immuno reactive (Figs. 3C-E and 8D-F). The shape and num ber of these immunolabeled processes varied with the time after injury. At 3 and 7 days postischemia, both bushy and rodlike stained microglial cells were detected (Fig. 8E, F) . In the stratum radiatum, the amount of immunolabel observed using GluR4 anti bodies peaked at approximately day 7 postischemia and decreased progressively thereafter ( Fig. 3C-E) .
In contrast, labeling with this antibody developed more slowly in microglial cells of the pyramidal cell layer and was still elevated 28 days postischemia ( Fig. 3C-E) .
Kainate-selective glutamate receptors are made up of subunits GluRS-7 and KAl-2, although the latter two peptides do not form functional receptors by themselves (Hollmann and Heinemann, 1994) . Therefore, we focused on examining the distribution of GluRS-7 subunits. To this end, we used an antibody to the GluRS subunit that crossreacts with the other two members in this subfamily of receptors (Huntley et al., 1993) . In controls, this antibody stained cells in the CAl region and, in particular, stained apical dendrites of pyramidal neurons (Figs. 4A, B, 4C-E; 7E and F). The intensity of the labeling gradu ally increased in the soma and processes of astrocytes ( Fig. 7E and F) . It was maximal at approximately 4 weeks ( Fig. 7F ) and greatly reduced by 3 months postischemia (not shown).
Functional NMDA receptors are heteromeric com plexes formed by at least one NR1 subunit together with NR2 subunits (Monyer et al., 1992) . In the same study, these authors found that the most abundant NR2 subunits in the hippocampus are NR2A and NR2B. Accordingly, we used antibodies to the NR1 and NR2A/B receptor subunits to investigate their distribution in the hippocampus after transient isch emia. In the normal CAl field, NR1 (Figs. SA, B, and 8G) and NR2A/B (Figs. 6A, B , and 7G) were richly expressed in both pyramidal cell bodies and apical dendrites and also were found in neurons in the stratum oriens and radiatum. After forebrain ischemia, the NR1 subunit was observed in cells with a typical microglial morphology (Fig. 8H-I A summary of the results obtained is presented in Table 1 . Distinct GluRs were found to be expressed by different glial cell types following transient fore brain ischemia. In astrocytes, expression of GluRs developed slowly over several weeks and was re stricted to the kainate subtype GluR5-7 and the NMDA subtype NR2A/B. In contrast, in microglial cells, the receptor subunits appeared during the first week postlesion and involved the AMP A subunit GluR4 and the NMDA subunit NR1.
FIG. 8. Microglial cells in the stratum radiatum detected with GS I-B4 horseradish peroxidase (HRP) lectin (A-C) and immunolabeled with antibodies to the glutamate receptor 4 (GluR4) (O-F) and NR1 (G-I) subunits. Photographs in the left, middle, and right columns correspond to control animals and to animals 3 and 7 days postischemia, respectively. GluR4-positive microglia increased from 3 to 7 days, whereas NR1 was expressed in a similar number of microglia at these two time pOints. Rod-like (arrowheads) and bushy microglial cells (arrows) were labeled with anti-GluR4 (E, F) and anti-NR1 antibodies (H, I). The stratum pyramidale is located at the top of each photograph. Bar = 25 fLm.
DISCUSSION
The present study shows that after transient fore brain ischemia, delayed neuronal death in the CAl hippocampal region is accompanied by the expres sion of some ionotropic GluR subunits in glial cells in the damaged area. The expression of subunits is cell-type specific, and the levels of expression are high at the postischemia period in which GF AP im-munoreactlvlty is maximal in reactive astrocytes (Petito et aI., 1990) and in which the microglial reac tion is most intense (Morioka et aI., 1991) .
Ischemic damage induced a severe loss of CAl pyramidal neurons, comparable to that described ear lier (Kirino, 1982; Pulsinelli et aI., 1982; Kirino et aI., 1984) . In contrast, GluR1 immunohistochemistry revealed that non pyramidal cells were spared in the CAl region. The appearance and number of GluRl (Matute and Streit, 1986 ), suggesting that most GABAergic interneurons in the hippocampal CAl field of the rat may escape injury caused by transient ischemia, as previously shown in the gerbil (Nitsch et aI., 1989; Tortosa and Ferrer, 1993) . In deed, GABAergic neurons have been shown to ex press high levels of the GluR1 subunit in other areas of the cerebral cortex (Gutierrez-Igarza et aI., 1996) .
The mechanism by which GABAergic interneurons with GluR1 subunits are protected from dying may be related to the presence in these cells of the Ca2+ binding protein parvalbumin (Tortosa and Ferrer, 1993) , whic4 may buffer the excessive Ca2+ influx associated with the sustained activation of receptors containing the GluR1 subunit (Hollmann and Heine mann, 1994) .
Although it is well established that hippocampal astrocytes express AMPA/kainate and NMDA re ceptors in the immature/juvenile brain (Jabs et aI., 1994; Steinhauser et aI., 1994; Porter and McCarthy, 1995; Seifert and Steinhauser, 1995) , little is known about the GluRs expressed by glial cells of the adult hippocampus. It has been shown, however, that in other areas of the adult brain, glial cells express a variety of ionotropic GluRs Miledi, 1993, 1995; Matute et aI., 1994a,b; Garcfa-Barcina and Matute, 1995) , raising the possibility that this is also the case for the adult hippocampus. The intense immunohistochemical labeling with most antibodies to specific GluR subunits observed throughout the entire extent of all the hippocampal layers in this and other studies (e.g., Petralia and Wenthold, 1992; Petralia et aI., 1994a,b) does not allow a clear visual ization of stained glial cells, although it suggests that these receptors may also be present in such cells.
Interestingly, ischemic damage in the CAl region was accompanied by the expression of specific GluRs in glial cells. Thus, we observed that GluR5-7 and NR2A/B receptor subunits were present in a few astrocytes during the first week after reperfusion. In contrast, the number of positive astrocytes and the J Cereb Blood Flow Metab, Vol. 17, No.3. 1997 levels of expression of these subunits were signifi cantly increased at 28 days postischemia, a time when GF AP expression is still maximal (Petito et aI., 1990) .
The time course of receptor expression suggests that
GluR subunits may be associated with hyperplasic astrocytes. This idea is supported by recent data showing a similar time course in the expression of the l3-amyloid precursor protein in the CAl region after transient ischemia, which is associated with hy perplasic but not with hypertrophic astrocytes (Pala cios et aI., 1995) .
Consistent with the results of the present study, previous evidence indicates that many proteins are upregulated in reactive astrocytes (Eddleston and Mucke, 1993) . The mechanisms by which the expres sion of many of these molecules is upregulated, how ever, remain largely unknown. Several signaling path ways may account for the resulting expression of GluRs in astrocytes after ischemia. The signaling cas cades may be triggered by a transient increase in extracellular glutamate (Benveniste et aI., 1984 (Benveniste et aI., , 1989 , the cellular debris generated by neuronal dam age, or substances produced by activated microglia (Giulian, 1995) . Activation of metabotropic and io notropic receptors in astrocytes by glutamate can in duce profound metabolic and morphological changes in astrocyte physiology (Teichberg, 1991) . The time course of the expression of GluR levels is relatively slow and is preceded by the microglial reaction. It is therefore conceivable that GluRs levels are modu lated by factors secreted by microglia.
Our results indicate that reactive microglial cells expressed the GluR4 and NR1 subunits and that the levels of expression peak between 3 and 7 days after reperfusion, a time when the microglial reaction is strong following transient forebrain ischemia (Mori oka et aI., 1991) . Although microglial cells express receptors to a variety of neurotransmitters (Ketten mann et aI., 1993), the expression of AMPA and NMDA receptors has not been reported in microglial cells (see Steinhauser and Gallo, 1996) . This, together with the fact that the receptors observed in our study are located in cells with morphological features of activated microglia (Morioka et aI., 1991) , suggest that GluR4 and NR1 subunits are expressed in a subset of proliferating microglia. The physiological consequences of the presence of GluRs in activated microglia might involve the processing and regulation of signals orchestrated by microglia (for review, see Kreutzberg, 1996) , which lead to the removal of cellu lar debris, tissue repair, and neural regeneration.
A critical and still unresolved issue regarding brain repair after injury is whether the induced changes in glial cells are beneficial or detrimental. Because little is known about the functions mediated by GluRs in glial cells, it is difficult at present to assess the contribution of these receptors in reactive glia to the repair process. Interestingly, purines, a family of well established neurotransmitters and neuromodulators that activate specific receptors in glial cells, can trig ger the production of cytokines and trophic factors in astrocytes and in microglia and thus minimize neu ronal loss subsequent to brain ischemia and trauma (Neary et aI., 1996) . It is possible that such a cascade of events is also mediated by GluRs in reactive glia after ischemia. This possibility is supported by the fact that, in addition to the expression of GluRs, ischemia leads to astrocyte-mediated increases in the levels of cytokines and growth factors, such as basic fibroblast growth factor, brain-derived neurotrophic factor, insulin-like growth factor 1, and nerve growth factor (reviewed by Eddleston and Mucke, 1993) .
The trophic activity provided by these growth factors may be sufficient to protect neurons in the penumbra zone of the ischemic area, and to reverse partially the induced damage in the case of a brief blood supply deficit (e.g., Meyer-Franke et aI. , 1995; however, see also Koh et aI., 1995) .
In conclusion, we demonstrated the expression of ionotropic GluRs in glial cells in damaged areas of the hippocampus following ischemia. The expression of these rece J' tors in reactive glial cells may serve to initiate signaling cascades that promote tissue repair.
